Introduction
Cyclodextrins (CD) are barrel-shaped sugar molecules composed of 6, 7 or 8 glucose units, which are denoted as α, β and γ cyclodextrin, respectively. The orientation of the glucose units is such that the large end of the barrel is ringed with secondary hydroxyl groups that form a key-like structure through which solute molecules can enter. 1 The small end of the barrel has a rim of primary hydroxyl groups. Coupling of the glucose monomers produces a rigid conical structure with an interior cavity of specific volume. Inside the cavity, the high electron density of the glucosidic oxygen creates a hydrophobic trap. The internal diameters of α, β and γ-cyclodextrins are 5.7 Å, 7.8 Å and 9.5 Å, respectively. 2 The hydrophobic cavity contains one or more highly energetic thermodynamically unfavorable water molecules that can be easily displaced by any species satisfying the size criteria of fitting at least partially into the cyclodextrin interior to form an inclusion complex. 3 Favorable enthalpy changes give cyclodextrins their unique ability to form stable inclusion complexes with a variety of organic and inorganic molecules based on a steric selective nonbonding interaction. The driving force is attributed to Van der Waals interactions, hydrogen bonding 4 and a release of the cyclodextrin strain energy in complexation. 1 This complexation ability has been discussed in the literature. 1, [4] [5] [6] [7] The felicitous matching of the host cavity and the guest molecular volume appears to be a major factor in determining the equilibrium stability and the conformational structure of the cyclodextrin inclusion complexes.
Depending on the dynamics of the guest molecule into the host cavity, complexation may serve to protect a hydrophobic guest from a hostile aqueous environment. In particular, an electronically excited guest molecule may either be stabilized with respect to the unbound molecule, or protected by inclusion from diffusional quenchers in an aqueous environment, as a result of which enchanced emission intensity is observed. Typically, one-to-one guest host complexes are formed, but several examples of complexes containing two guests to one host are known. 8 Fluorescence probes have been employed to study a solutecyclodextrin complex involving the inclusion of a guest molecule or molecules in the hydrophobic cavity. Cramer, 9 reported a very strong fluorescence of sodium 8-anilinonaphthalene-1-sulfonate (ANS) in the presence of β-CD and γ-CD, whereas in aqueous solution and in α-CD only a weak fluorescence was observed. These observations were interpreted in terms of the formation of 1:1 complexes of ANS in both β-CD and γ-CD, the latter hosts possessing an appropriate cavity size for an ANS guest. α-CD, whose cavity size is too small to comfortably include ANS, does not form comparably stable complexes with ANS.
Evidence for 2:1 guest-host complexes is available from an observation of enchanced excimer formation upon the addition of γ-CD to an aqueous solution of 1-naphthyl acetate. 10 The corresponding effect is absent when α-CD or β-CD is added. Thus, the large cavity of γ-CD can accommodate two molecules of 1-naphthyl acetate, whereas the smaller cavities of α-CD and β-CD can accommodate only one such guest molecule. Another possibility is for the inclusion of two different guest molecules into the hydrophobic cavity. Ueno et al., 11 reported a 1:1:1 complex involving naphthyloxaacetic acid-cyclohexanol-γ-CD, with the cyclohexanol serving as a molecular space regulator.
Recently, we developed a fluorogenic and phosphorogenic label coumarin-6-sulfonyl chloride (6-CSCl), 12 and used it to analyze amino acids and phenols. The label and its derivatives were found to be weakly fluorescence at room temperature under neutral condition. 12 Preliminary studies, however, indicated a fluorescence enhancement of the 6CS-alanine derivative in the presence of β-CD when compared to α-CD and an aqueous environment. 12 Furthermore, fluorescence studies conducted in the presence of micellar solutions 13 indicated the importance of the medium effect on the analytical applications of 6-CS-Cl.
In this work, the mechanisms of host-guest complexation of 
Experimental

Materials
6-CS-Cl and amino acid derivatives were synthesized and purified as previously described. 12 Glycine, L-alanine, L-phenyl alanine, L-serine, L-tryptophan, α-CD, β-CD were obtained from Sigma Chemicals, UK. Serine, HPLC methanol and Ltyrosine were purchased from Aldrich Chemicals UK.
Apparatus
Fluorescence measurements were performed using an MPF-44B fluorescence spectrophotometer (Perkin Elmer Ltd., Beaconsfield, UK) fitted with a DCSU-2 corrected spectrum unit. The spectra were recorded without any correction for instrumental characteristics. Silica cells of 1-cm path length were used for the measurements.
Cyclodextrin solutions
A series of cyclodextrin solutions ranging from 2 -15 × 10 -3
M were prepared by appropriate dilutions of the CD stock with distilled water.
Amino acid derivative solution
Stock solutions (1.0 × 10 -4 M) of amino acid derivatives (Lalanine, glycine, L-serine, L-trypophan and L-tyrosine) were prepared in distilled water.
Influence of CD on fluorescence emission
For the fluorescence measurement, a stock solution of the alanine derivative ( For the optimum CD concentration, the stock solution of alanine derivative was diluted 10-times with β-CD solutions of various concentrations ranging from 0 to 1.5 × 10 -2 M. The fluorescence intensity was then measured.
For the effect of α-and β-CD on the fluorescence intensity, aqueous stock solutions of various amino acid derivatives (2.5 × 10 -4 M) were prepared. Aqueous solutions of α-and β-CD (1.0 × 10 -2 M) were also prepared. A 1-ml volume of each of the derivative solution was diluted 10 times with distilled water, 1.0 × 10 -2 M α-CD and 1.0 × 10 -2 M β-CD to give a final concentration of 2.5 × 10 -5 M solution of the amino acids. The fluorescence emission intensity and wavelengths were then recorded.
Results and Discussion
Effect of the β-CD concentration
The addition of β-CD to a 6-CS-alanine derivative solution brought about shifts of the fluorescence spectra to longer wavelengths with an enhancement of the fluorescence intensity. Figure 1 shows the fluorescence spectrum in the presence and absence of 9.0 × 10 -3 M β-CD. The fluorescence emission maximum was observed at 448 nm in aqueous solution and 468 nm in the β-CD. Similarly, the excitation spectrum exhibited a red shift from 330 nm to 365 nm. These facts can be rationalized by complexation formation between the derivative and the CD. A ten-fold enhancement in the fluorescence intensity was observed upon the addition of β-CD, as compared to the aqueous solution.
The effect of β-CD on the fluorescence intensity of the alanine derivative was studied by measuring the intensity of various concentrations of the alanine derivative in both the presence and absence of 1.0 × 10 -2 M β-CD, at λex = 365 nm and λem = 468 nm. Standard curves, with a typical one shown in in the presence of β-CD. The limits of detection based upon a signal-to-noise ratio of 3 for the alanine derivative were 50 nmol/ml. The fluorescence enhancement seen in CD solutions is significant. Previous work 12 has indicated that the derivatives are too weakly fluorescent for quantitative spectrofluorometry, and analytical applications were only possible when the derivatives were ring opened under harsh conditions.
Inclusion complex of alanine derivative with β-CD
The fluorescence intensity of the alanine derivative was studied in the presence of various β-CD concentrations (0 -16 mM), and by keeping the concentration of the L-alanine derivative constant at 1 × 10 -5 M, in order to determine the concentration and molar ratio of β-CD to the derivative that could bring about the maximum and stable inclusion complex.
The fluorescence intensity increased along with an increase in the concentration of the β-CD, and reached a plateau at between 8 and 10 × 10 -3 M (Fig. 3) . A similar observation was previously noted by Tsuji 14 for dansyl valine. It is clear from the figure that a decrease in the intensity was observed upon increasing the concentration of the β-CD above 10 × 10 -3 M. The decrease in the fluorescence intensity can be explained by aggregate or micelle formation among the β-CD molecules in high concentrations. Micelle formation would thus result in less CD being available for complexation with the derivative. The increase in the concentration of β-CD would stabilize the inclusion complex formed between the β-CD and the 6-CS derivative of L-alanine and as a result, a greater enhancement in the fluorescence properties of the complex is observed. The concentration of β-CD of 9.0 × 10 -3 is, therefore, the optimum for the formation of the inclusion complex between the β-CD and the 6-CS derivative of L-alanine.
The increase in the fluorescence signal with increasing concentration could be explained as being due to the protective environment offered by the CD from non-radioactive decay processes occurring in the bulk solution. This enhancement of the fluorescence produced through the formation of the complex is very useful from an analytical point of view. The equilibrium constant value (K) for the inclusion complex can be determined using the fluorescence emission along with the changes in the CD concentration. It is clear that the shape of the curve prior to aggregate formation (Fig. 3) is not linear, indicating a 1:2 guest host complex formation.
Therefore, this complexation equilibrium can be described according to the reaction alanine-derivative + 2β-CD ↔ alanine derivative (β-CD)2. (1) A large molar excess of β-CD indicates that the analytical concentration of cyclodextrin [CD] and the free concentration [CD]o are equal. 15 The variation in the fluorescence signals is proportional to the complex concentration and at high β-CD concentration, essentially all of the amino acid derivatives are assumed to be complexed. Thus, the following equation is obtained, 15
where F is the observed fluorescence intensity of the amino acid derivative at each β-CD concentration. Fo and F∞ are the signals in the absence of β-CD and when all of the amino acid derivatives are complexed, respectively. The best-fitted curves provide evidence for the existence of the alanine (β-CD)2 complex. Since the β-CD cavity is too small to accommodate a single molecule of alanine derivative, it is conceivable that an additional β-CD molecule is involved in the inclusion complex. A straight line was obtained when 1/(F -Fo) was plotted against 1/[CD] 2 . This fact supports the existence of the 1:2 complex. The equilibrium constant for the inclusion of alanine derivative in β-CD was found to be 4.7 × 10 5 mol -2 l 2 .
Effect of the size of α-and β-CD on fluorescence enhancement
The influence of the diameter of the cavity on the formation and stability of the inclusion complex was studied. Figure 4 shows the fluorescence properties of various amino acid derivatives in water, α-CD and β-CD. From this figure, it can be seen that the fluorescence intensity was slightly enhanced in the presence of α-CD compared to that in water. A significant enhancement, however, was observed in the presence of β-CD (Table 1 and Figs. 4a -d) . The relatively smaller fluorescence enhancement with α-CD suggests that the size of α-CD, being smaller than β-CD, would not facilitate complexation with the analyte. β-CD, on the other hand, being larger in size, can partly form inclusion complexes with the analyte.
The degree of enhancement of the various CD cavity sizes can be rationalized by considering the difference in the physical size of the respective derivatives.
The relatively greater enhancement of the various cyclodextrin, and hence the largest ratio with respect to the aqueous system, is obtained with the glycine derivative (Table 1) , which is the smallest in size. The relatively smaller enhancement in fluorescence in the β-CD of the phenylalanine and tyrosine derivatives may be due to a poorer fit of these relatively large molecules into the cavity. As the physical size of the derivative was increased, the fluorescence enhancement decreased.
This decrease is attributed to a steric hindrance brought about by the interaction of the substituent molecules with the OH group located on the rim of the CD cavity.
The inclusion complexes of various amino acid derivatives with β-CD were further characterized using the AM1 program. This program is commonly used to study the geometric and thermodynamic properties of organic molecules. 15 According to the molecular size (Table 2) , it is apparent that the glycine derivative (10.1 Å length) is too large to fit entirely into the β-CD cavity (7.8 Å wide). The optimized structures of the molecules are shown in Fig. 5 . It is apparent from these figures that each molecule consists of two segments with one segment being nearly perpendicular to the other (100 -104˚). The size of the coumarin segment is constant for all derivatives (width 5.0 Å and length 6.7 Å), whereas the size of the sulfonamide, which is a function of the length of the amino acid, side chain varies (Table 2) . It is reasonable to assume that the width of the molecules to be less than 7.8 Å, which is the diameter of β-CD which can be included in the hydrophobic cavity. The length of the sulfonamide moiety governs the stability of the inclusion complex. The shorter is the length, the more stable is the complex.
This assumption is supported by the large enhancement of the glycine derivative having the smallest size, as compared to tyrosine being the largest of the derivatives studied ( Table 1 ). The presence of the two parts of the molecule (Fig. 5) , indicates further complex formation involving two β-CD molecules, one incorporating the coumarin moiety and the other being the sulfonamide moiety. Similar findings were previously reported by Escander 15 for the piroxicam molecule and by Warner 16 for pyrene β-CD complex. Furthermore, the amino acid derivatives possess a free carboxylic group that can form hydrogen bonds within the CD cavity. This may provide additional stabilization for the 1:2 complex.
In addition to size, the hydrophobicity of the analyte establishes the strength of the complex, where more hydrophilic species form weaker complexes producing a smaller fluorescence signal. 17 This effect is demonstrated by comparing the fluorescence enhancement of serine and alanine derivatives as well as phenylalanine and tyrosine derivatives. The sizes of these molecules ( tightly bound water-solvating charged OH group in serine derivative, however, means that additional energy is required to remove the water molecule prior to complexation. This would account for the relatively smaller fluorescence enhancement of the serine derivative. Furthermore, the presence of a hydroxyl group in the serine and tyrosine derivatives would facilitate hydrogen bonding with the rim of the CD molecules and, hence, minimize inclusion of the molecule into the hydrophobic cavity. Similar behavior was previously observed by Turro, 8 who reported a weaker excimer emission on substrates possessing OH groups. This was attributed to hydrogen bonding between the OH group of the probe with γ-CD, which retards the inclusion complex. A shift in the wavelength was observed for different derivatives in the presence of β-CD (Figs. 4a -d) with the maximum wavelength obtained with the glycine and alanine derivatives.
Conclusion
6-CS amino acids derivatives form a guest-host inclusion complex with β-CD. The nature of the inclusion complex depends on the size, shape of guest or host molecule and the hydrophobicity of the guest molecules. The specific interaction between them is important in determining the relative magnitude of the fluorescence emission of the inclusion complex.
These host-guest complexes are important in analytical chemistry and may provide a sensitive and selective method for the determination of amino acid derivatives. The sensitivity is attained by the increase in the fluorescence signal of the complex, and the selectivity is achieved by the difference in the stability of the complexes based on the size and hydrophobicity of the guest molecule.
Studies on the application of this method to real samples are on going in our laboratory, whereby the analysis of amino acid is being carried out by host-guest complexation using the HPLC system.
